ABSTRACT DIMMICK, ROBERT L. (University of California, Berkeley). Rhythmic response of Serratia marcescens to elevated temperature. J. Bacteriol. 89:791-798. 1965.-Populations of Serratia marcescens of varied ages and pretreatments, which had been grown in a chemically defined medium, were subjected to thermal stress at 50 to 56 C. The numbers of survivors were plotted vs. time to form survivor curves, and the curves were assembled to form three-dimensional models. The manner in which survivors varied as a function of age and time of heating was variable and often rhythmic. Different threedimensional patterns were found when different inoculum for the test culture was used. Apparently some "dead" cells again produced colonies after extended heating periods (recuperation); this tendency varied with the age of the culture. Diminutive colony forms, which produced normal colonies upon transfer, appeared and disappeared during heating; this tendency fluctuated with age. It is suggested that survivor curves represent a distribution of resistant forms within the population, and that this distribution varies in a manner best described in terms of servomechanistic response within each cell and within a given culture. Difficulties of attempting to relate changes in specific molecular species to subsequent whole-cell responses are discussed.
Hansen and Riemann (1963) recently published an excellent review of heat resistance of bacteria, and other workers (Sykes, 1963; Postgate and Hunter, 1963; King and Hurst, 1963) have presented data concerned with the general field of bacterial survival. But the variety of response patterns of microorganisms to elevated temperatures noted in these and many other papers leads one to believe that our knowledge of the subject is far from complete.
Although it is well established that "young,"
actively growing cells are more sensitive to almost any trauma than "mature" cells, no one has examined the manner in which this change occurs in context with the implied change in the singlehit theory (either young cells have fewer sensitive sites or the sites are more easily inactivated), especially in regard to the genetic apparatus. The question is important, because the survival of bacteria is employed as an index of disinfectant efficacy, or, in terms of decay rates, survival is used to measure implied molecular changes in the internal structure of the cell (Webb, 1959) . 24 hr of incubation at 31 C, and bright-red colonies on a solid chemically defined medium (CDM) containing (per liter): dibasic ammonium citrate, 2.5 g; glycerol, 5 ml; K2HPO4 , 7.8 g; MgSO4 , 0.25 g; NaCl, 0.13 g (all anhydrous); and agar, 20 g. The medium was minimal; reducing the concentration of any component reduced the total cell yield of 1010 to 2 X 1010 viable cells per milliliter in shake-flask cultures of the liquid menstruum at 31 C after 24 hr of incubation. Assay of viability. Ten-fold serial dilutions of a culture sample were made in the same medium in which cells were grown or tested. A pipette having a stainless-steel tip with an orifice calibrated to deliver 0.02 ml per drop was used to plant five drops on each of three plates of nutrient agar; the plates, 791 rotated sufficiently to spread the drops slightly, were incubated at 31 C for 24 hr unless noted. The number (mean of three plates) of colonies was obtained with the aid of an electronic colony counter (Leif and Wolochow, 1958) . This technique has been shown to produce replicate assays of normal cultures having a 95'1 confidenice interval of +8%.
All colonies were counted regardless of size.
Cadthres and sospensions. Unless noted, a loopful of the organisrmi was transferred from a stock slant into 100 nml of C)AI contained in a 500-ml flask. The flask was incubated on a rotarv shaker at 31 C for 24 hr. A 1-i111 amount of the culture was transferred to a seconid flask and inceubated for either 10 or 24 hr (see below); 1 ml from the second flask was planted in a third flask. Immediately, and at the noted intervals thereafter, 0.5-ml samples were removed for testing. In sonme instances, Heart Infusion Broth (Difco) was used instead of CDMI; in others, the third flask was inoculated with 1 ml of a 10-fold, or higher, dilution of the suspension in the second flask rather than with 1 ml directly.
Determination To test the possibility that clumping caused the riesults to appear nonlogarithmic, cultures of several ages were filtered through membrane filters (1.5-, pore size), and some weere treated with nonlethal ultrasonic energy. I found essentially the same results as above, including evidence of "tailing" and periods of reculperation. Figure 2 shows the results of assembling data in the form of three-dimensional models. Wrhen cultur es weIre started from 1 0-hr-old inocula, the most pronounced p)eriods of lrecul)eration (labeled R) occuirred at about 6 hr aftei inoculation, regardless of the stress teml)erature (A, 13, C, an(l 1) in Fig. 2 ). W hen a culture started from a 24-hr inoculumil (F) was tested, no marked recuperation period was noted, and the generally sigmoid shape of the curves was reduced. Repeated tests confirmedI the general "hill and valley" appearance of the models.
A culture that had been stored 5 weeks at 4 C in CDMAI was used directly as an inoculum. The survival pattern from the resulting culture is shown in E (Fig. 2) . Slight recuperation periods were noted, though the curves were more linear in shape than those resulting from the use of a 10-hr inoculum.
It was logistically unfeasible to obtain complete survivor curves of a single growing culture during the entire 24-hr period at intervals of less than 1 hr. Instead, survival was assayed every 20 mi during growth by sampling cells after 90 min of heating. The results (Fig. 3 ) are equivalent to a cross-section of the survival patterns shown in Fig. 2 . In Fig. 3 , a distinction is made between samples that had countable numbers of colonies as the result of a direct transfer to agar surfaces and those that were countable only in a diluted sample, to show that the rapid rise and fall of surviving numbers included more than one order of magnitude. Evidently, the survival patterns contained "fine structure" not apparent in Fig. 1 and 2.
This "fine structure" was also demonstrated by sampling a heated culture every minute for a 30-min interval, with samples placed directly on agar surfaces and the order of single droplets (ca. one per 10 see) on each plate recorded. A curve, from data obtained by a second technician testing the same culture, based on samples at less frequent intervals, followed the general trend of the rapid samples (Fig. 4) . The periodicity of the fluctuations appeared to lengthen as a function of time of heating. The first 12 plates obtained in this manner contained mixtures of white diminutive (see below), red diminutive, and red normal colonies; the next 8 plates contained red diminutive and red normal colonies; and the last 10 contained red normal colonies only. The number of colonies per drop on a single plate varied as much as 1:50 and sequentially, in a manner suggesting a trend rather than a random change.
To ascertain whether a cold shock before heating would cause temporal changes, 10 ml of a 16-hr culture were p)laced in a tube cooled to 16 C in a water bath. At intervals, 0.5-ml samples were removed and tested' for survival at 52 C. The results (Fig. 5) In addition, instances of a gross lack of agreement between the expected numbers of colonies arising from sequential dilutions were often observed during the 15-to 100-min period, a phenomenon I prefer to term "incoherence," because the true extent of viability was no longer determinable. Usually these instances involved a lack of agreement between the direct-transfer sample (zero dilution) and the first 10-fold dilution. Sometimes the plates containing a zero dilution produced no colonies, whereas plates containing the next higher dilution contained too many colonies to count; sometimes the reverse was observed. No instances of this kind were observed in thousands of assays of cultures that had not been treated in some way generally considered to be detrimental to the life of the cell.
When heat-killed cells were added to living cells before heating, no differences in either the time of occurrence or the extent of incoherence was observed.
Twenty duplicate platings from several dilutions of a single sample of a 6-hr-old culture 
DIscussIoN
The object of these exploratory experiments was to obtain a notion of factors that might influence the general form (shape) of survivor curves without initial reference to "rate" theories or to any specific molecular species in the cell. In other words, if one discards preconceived concepts and assumes that a suspension of bacteria is a "black box" system (Rescigno and Segre, 1961 ) about which little is actually known, but a system that nonetheless has measurable "output" characteristics (colony number, size, growth rate, temperature response, etc.), one may adjust the "input" (environment), measure the output, and hope to gain knowledge of internal mechanisms by deductive means. This concept is in contrast to that embodied in many current studies of cellular physiology that prefer to take the box apart and hope that structural properties retain those characteristics present in the intact assembly; both avenues obviously yield useful information.
On the basis of these data, several general statements can be made about suspensions of S. marcescens cells. First, the apparently irregular action of mild heat on S. marcescens is in general agreement with the findings presented by White (1953) and Lemcke and White (1959) for Streptococcus faecalis and for Escherichia coli. Second, cell populations did not die logarithmically. In fact, and despite the weighty arguments of WVood (1956) , the most reasonable conclusion is that of Jordan, Jacobs, and Davies (1947) and Vas and Proszt (1957) ; i.e., a survival curve represents a kind of cumulative distribution of the "resistance" of the individual cells in the pl)oulation.
Third, the distribution varied, sometimes rhythmically, as a function of culture age or of pretreatment. The inoculum for a given culture influenced the extent of rhythm. Responses such as these were predicted by Hinshelwood (1951) .
Fourth, the capacity of some cells to form colonies after varied periods of stress was influenced by the act of sampling, age of culture, and a temporal function of a change in environment prior to test. Fifth, ability to recuperate from such lethal conditions, again depending on age, was most often enhanced by enriched plating medium, but sometimes enriched medium discouraged the growth of many cells. Harris (1963) reviewed this phenomenon in relationship) to several other species. Sixth, the duration of all these responses varied from seconds to hours, often in a manner resembling a damped wave phenomenon or a self-regulating system seeking a point of stability.
The concept of the cell as a complex, dynamic servomechanism has been l)resented, or at least imlplied, by Hinshelwood (1951 ), Heinmetz (1960 , Elsasser (1960) , and Chance (1961 (Sugita, 1961) .
One such highly informative model was suggested by Goodwin (1963) . In discussing the epigenetic system, he pointed out that probably no oscillation would be observed in bacteria because of the small numbers of a given species of messenger ribonucleic acid (RNA) per cell; he added, "There is one rather comforting observation which we can make at this point, however, and that is that no rhythmic or cyclic behaviour has ever been observed in bacteria analogous to the tidal, diurnal, lunar and other rhythms which are such an obtrusive feature of behaviour in higher organisms, from the protozoa up." I suggest that two types of rhythmic be- 
